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Identifying mechanisms by which cells of the osteoblastic lineage communicate in vivo is complicated by the mineralised matrix that encases osteocytes and thus vital mechanoadaptive processes used to achieve load-bearing integrity remain unresolved. We have used co-culture of immunomagnetically purified osteocytes and primary osteoblasts from both embryonic chick long bone and calvariae to examine these mechanisms. We exploited the fact that purified osteocytes are post-mitotic to examine both their effect on proliferation of primary osteoblasts and the role of gap junctions in such communication. We found that chick long bone osteocytes significantly increased basal proliferation of primary osteoblasts derived from an identical source (tibiotarsi). Using a gap junction inhibitor, 18β-glycyrrhetinic acid, we also demonstrated that this osteocyte-related increase in osteoblast proliferation was not reliant on functional gap-junctions. In contrast, osteocytes purified from calvarial bone failed to modify basal proliferation of primary osteoblast, but long bone osteocytes preserved their pro-proliferative action upon calvarial-derived primary osteoblasts. 






There is much evidence supporting the view that osteocytes act as strain sensors in bone. Osteocytes with extensive communication network and unique distribution are well situated within the bone matrix to sense mechanical loading and initiate a response by communicating with osteoblast and osteoclasts on bone surfaces  ADDIN EN.CITE 1-14.  Various studies have provided evidence to support this hypothesis.  For example, it was shown that the level of intracellular G6PD activity in resident osteocytes was influenced by, and related to, the level of exposure to mechanical loading in vivo. HYPERLINK \l "_ENREF_15" \o "Skerry, 1989 #9"  ADDIN EN.CITE <EndNote><Cite><Author>Skerry</Author><Year>1989</Year><RecNum>9</RecNum><DisplayText><style face="superscript">15</style></DisplayText><record><rec-number>9</rec-number><foreign-keys><key app="EN" db-id="rr5frxzpn505fge92atxdzpo5xvatdeeew99" timestamp="1434014584">9</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Skerry, T. M.</author><author>Bitensky, L.</author><author>Chayen, J.</author><author>Lanyon, L. E.</author></authors></contributors><titles><title>Early strain-related changes in enzyme activity in osteocytes following bone loading in vivo</title><secondary-title>J Bone Miner Res</secondary-title></titles><periodical><full-title>J Bone Miner Res</full-title></periodical><pages>783-8</pages><volume>4</volume><number>5</number><dates><year>1989</year></dates><urls></urls></record></Cite></EndNote>15 Moreover, within minutes following mechanical strain, osteocytes upregulate endothelial NO synthase (eNos) and cyclo-oxygenase 2 (Cox2) expression, which in turn stimulate NO and prostaglandin E2 (PGE2) release, respectively  ADDIN EN.CITE 16-18. These are important early cellular changes that regulate downstream events including production of anabolic factors such as IGFI 19 and matrix molecules including DMP1  HYPERLINK \l "_ENREF_20" \o "Yang, 2005 #105"  ADDIN EN.CITE <EndNote><Cite><Author>Yang</Author><Year>2005</Year><RecNum>105</RecNum><DisplayText><style face="superscript">20</style></DisplayText><record><rec-number>105</rec-number><foreign-keys><key app="EN" db-id="rr5frxzpn505fge92atxdzpo5xvatdeeew99" timestamp="1472130760">105</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Yang, Wuchen</author><author>Lu, Yongbo</author><author>Kalajzic, Ivo</author><author>Guo, Dayong</author><author>Harris, Marie A</author><author>Gluhak-Heinrich, Jelica</author><author>Kotha, Shiva</author><author>Bonewald, Lynda F</author><author>Feng, Jian Q</author><author>Rowe, David W</author></authors></contributors><titles><title>Dentin matrix protein 1 gene cis-regulation: use in osteocytes to characterize local responses to mechanical loading in vitro and in vivo.</title><secondary-title>Journal of Biological Chemistry</secondary-title></titles><periodical><full-title>Journal of Biological Chemistry</full-title></periodical><pages>20680-20690</pages><volume>280</volume><number>21</number><dates><year>2005</year></dates><isbn>0021-9258</isbn><urls></urls></record></Cite></EndNote>20.  On the basis of such studies, it has frequently been proposed that osteocyte sensitivity to applied loads, sensed either as strain, flow or some other sequelae of loading, provides the controlling input in the postulated ‘mechanostat’ which confers bone with its mechanoadaptive capacity. ADDIN EN.CITE ,  

Osteocytes are confined to lacunae, however, and can make little if any direct contribution to the architectural adaptive bone (re)modelling activities that load-related strains might stimulate. It is assumed therefore that their influence is achieved via their control of the remodelling activity of osteoclasts (via osteoblasts and lining cells) and osteoblasts on the bone surface. A potential route by which osteocytes could influence the behaviour of overlying osteoblasts in response to external mechanical stimuli is via the passage of small molecules through the osteoblast:osteocyte network of gap junctions or via molecules secreted into the intra-lacunar fluid. This fluid bathes osteocytes and the bone-facing processes of osteoblasts and lining cells and its movement through canaliculae results from the pressure differentials induced by dynamic loads. The repetitive bending of the bone matrix is thought to generate a ‘pumping’ action forcing fluid to the bone surface and subsequent dynamic shear strains on osteocytic processes. ,    

Previous studies have shown that that gap junctions are expressed in all different types of bone cells  ADDIN EN.CITE 23-35 and are likely candidates for chemical information transfer between bone cells 36, 37, providing evidence that gap junction communications are potentially important in mechanotransduction  ADDIN EN.CITE , .  

Recent studies have examined the effects of fluid shear applied to an osteocytic cell line derived from long bone, MLO-Y4  ADDIN EN.CITE , ,  and shown that at least some consequences of this stimulation can be transmitted via gap junctions to otherwise unstimulated osteoblasts. ADDIN EN.CITE 48 Indeed, connexion 43 hemichannels have been postulated to serve a central function in fluid shear-induced prostaglandin (PG)E2 release from the MLO-Y4 osteocytic cell line  HYPERLINK \l "_ENREF_49" \o "Siller-Jackson, 2008 #16"  ADDIN EN.CITE <EndNote><Cite><Author>Siller-Jackson</Author><Year>2008</Year><RecNum>16</RecNum><DisplayText><style face="superscript">49</style></DisplayText><record><rec-number>16</rec-number><foreign-keys><key app="EN" db-id="rr5frxzpn505fge92atxdzpo5xvatdeeew99" timestamp="1434014585">16</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Siller-Jackson, A. J.</author><author>Burra, S.</author><author>Gu, S.</author><author>Xia, X.</author><author>Bonewald, L. F.</author><author>Sprague, E.</author><author>Jiang, J. X.</author></authors></contributors><auth-address>Department of Biochemistry, University of Texas Health Science Center, San Antonio, Texas 78229-3900, USA.</auth-address><titles><title>Adaptation of connexin 43-hemichannel prostaglandin release to mechanical loading</title><secondary-title>J Biol Chem</secondary-title></titles><periodical><full-title>J Biol Chem</full-title></periodical><pages>26374-82</pages><volume>283</volume><number>39</number><edition>2008/08/05</edition><keywords><keyword>Animals</keyword><keyword>Bone Remodeling/*physiology</keyword><keyword>Cell Line</keyword><keyword>Chickens</keyword><keyword>Connexin 43/*metabolism</keyword><keyword>Dinoprostone/*metabolism</keyword><keyword>Ion Channels/*metabolism</keyword><keyword>Mechanotransduction, Cellular/*physiology</keyword><keyword>Mice</keyword><keyword>Osteocytes/cytology/*metabolism</keyword><keyword>Stress, Mechanical</keyword><keyword>Time Factors</keyword></keywords><dates><year>2008</year><pub-dates><date>Sep 26</date></pub-dates></dates><isbn>0021-9258 (Print)&#xD;0021-9258 (Linking)</isbn><accession-num>18676366</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/18676366</url></related-urls></urls><custom2>2546557</custom2><language>eng</language></record></Cite></EndNote>49.  Moreover, other studies have demonstrated that fluid flow increases the gap junction expression and function in the osteocytic MLO-Y4 cells  ADDIN EN.CITE , , .  In addition, mechanical stimulation also results in the opening of Cx43 hemichannels and release of PGE2  HYPERLINK \l "_ENREF_50" \o "Cherian, 2005 #74"  ADDIN EN.CITE <EndNote><Cite><Author>Cherian</Author><Year>2005</Year><RecNum>74</RecNum><DisplayText><style face="superscript">50</style></DisplayText><record><rec-number>74</rec-number><foreign-keys><key app="EN" db-id="rr5frxzpn505fge92atxdzpo5xvatdeeew99" timestamp="1467883880">74</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Cherian, Priscilla P</author><author>Siller-Jackson, Arlene J</author><author>Gu, Sumin</author><author>Wang, Xin</author><author>Bonewald, Lynda F</author><author>Sprague, Eugene</author><author>Jiang, Jean X</author></authors></contributors><titles><title>Mechanical strain opens connexin 43 hemichannels in osteocytes: a novel mechanism for the release of prostaglandin</title><secondary-title>Molecular biology of the cell</secondary-title></titles><periodical><full-title>Molecular biology of the cell</full-title></periodical><pages>3100-3106</pages><volume>16</volume><number>7</number><dates><year>2005</year></dates><isbn>1059-1524</isbn><urls></urls></record></Cite></EndNote>50 and ATP  HYPERLINK \l "_ENREF_46" \o "Genetos, 2007 #80"  ADDIN EN.CITE <EndNote><Cite><Author>Genetos</Author><Year>2007</Year><RecNum>80</RecNum><DisplayText><style face="superscript">46</style></DisplayText><record><rec-number>80</rec-number><foreign-keys><key app="EN" db-id="rr5frxzpn505fge92atxdzpo5xvatdeeew99" timestamp="1467884751">80</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Genetos, Damian C</author><author>Kephart, Curtis J</author><author>Zhang, Yue</author><author>Yellowley, Clare E</author><author>Donahue, Henry J</author></authors></contributors><titles><title>Oscillating fluid flow activation of gap junction hemichannels induces ATP release from MLO‐Y4 osteocytes</title><secondary-title>Journal of cellular physiology</secondary-title></titles><periodical><full-title>Journal of cellular physiology</full-title></periodical><pages>207-214</pages><volume>212</volume><number>1</number><dates><year>2007</year></dates><isbn>1097-4652</isbn><urls></urls></record></Cite></EndNote>46 from the osteocytes.






Cell isolation from embryonic chick bones 
Purified osteocyte and primary osteoblasts were derived from both parietal bones and from tibiotarsi using modification to methods used previously  ADDIN EN.CITE , , with primary osteoblasts derived and allowed to expand in culture prior to osteocytes purification. Briefly, parietal bones of the calvaria and tibiotarsal bones (see Figure 1) were removed from 18-day old chick embryos and cleared of all attendant soft tissue and periostea. Medullary cavities were flushed with Dulbecco’s phosphate buffered saline (lacking calcium and magnesium, PBS-; Invitrogen, Paisley, UK.) and resident bone cells were then dissociated using an adaptation to the method devised by van der Plas and Nijweide. HYPERLINK \l "_ENREF_55" \o "Van der Plas, 1992 #19"  ADDIN EN.CITE <EndNote><Cite><Author>van der Plas</Author><Year>1992</Year><RecNum>19</RecNum><DisplayText><style face="superscript">55</style></DisplayText><record><rec-number>19</rec-number><foreign-keys><key app="EN" db-id="rr5frxzpn505fge92atxdzpo5xvatdeeew99" timestamp="1434014585">19</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Van der Plas, A.</author><author>Nijweide, P. J.</author></authors></contributors><titles><title>Isolation and purification of osteocytes</title><secondary-title>J Bone Miner Res</secondary-title></titles><periodical><full-title>J Bone Miner Res</full-title></periodical><pages>389-96</pages><volume>7</volume><number>4</number><dates><year>1992</year></dates><urls></urls></record></Cite></EndNote>55 This involved three sequential digestions of bone segments with 1mg/ml Collagenase type 1 (Clostridium histolyticum, Sigma, Dorset, U.K.) in PBS- followed by 4mM ethylene diaminotetra-acetic acid (EDTA, Sigma) in PBS-. Digestion was stopped by incubation with 10% heat inactivated chick serum in Hank’s balanced salt solution (HICS/HBSS) (Invitrogen, Paisley, UK) and each of these three consecutive fractions centrifuged (800g, 4oC for 5 minutes) and then re-suspended in HICS/HBSS on ice and combined, re-spun and re-suspended to a single cell suspension in PBS- containing 4mM EDTA and 0.5% bovine serum albumin (BSA; Fraction V, Sigma) (PEB) to produce a mixed bone-derived cell population. 

Osteocytes were purified from this mixed population using Ob7.3(5) mouse anti-chick osteocyte antibody as previously described (Nijweide, Leiden. Netherlands)  HYPERLINK \l "_ENREF_52" \o "Westbroek, 2002 #25"  ADDIN EN.CITE <EndNote><Cite><Author>Westbroek</Author><Year>2002</Year><RecNum>25</RecNum><DisplayText><style face="superscript">52</style></DisplayText><record><rec-number>25</rec-number><foreign-keys><key app="EN" db-id="rr5frxzpn505fge92atxdzpo5xvatdeeew99" timestamp="1434014586">25</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Westbroek, Irene</author><author>De Rooij, Karien E.</author><author>Nijweide, Peter J.</author></authors></contributors><titles><title>Osteocyte-Specific Monoclonal Antibody MAb OB7.3 Is Directed Against Phex Protein</title><secondary-title>Journal of Bone and Mineral Research</secondary-title></titles><periodical><full-title>Journal of Bone and Mineral Research</full-title></periodical><pages>845-853</pages><volume>17</volume><number>5</number><keywords><keyword>osteocytes</keyword><keyword>OB7.3</keyword><keyword>Phex</keyword><keyword>suppression subtractive hybridization</keyword></keywords><dates><year>2002</year></dates><publisher>John Wiley and Sons and The American Society for Bone and Mineral Research (ASBMR)</publisher><isbn>1523-4681</isbn><urls><related-urls><url>http://dx.doi.org/10.1359/jbmr.2002.17.5.845</url></related-urls></urls></record></Cite></EndNote>52. This involved addition of Ob7.3(5) to the cell suspension and incubation for 15min on a ‘rotaspin’ at 4oC. After centrifugation (800g, 4oC for 5 minutes), cells were re-suspended, washed in PEB and incubated for 15min at 4oC with MACS goat anti-mouse IgG microbeads (Miltenyi Biotech GmbH, Bergisch Gladbach, Germany). This cell suspensions were next passed through a pre-washed Mini MACS column with magnetic collar (Miltenyi Biotech GmbH) and cells expressing epitopes bound by the Ob7.3(5) antibody (Ob7.3(5)+) and beads retained within the column, whilst other unbound cell types passed through to be collected (Ob7.3(5)- cells). The column was washed with five volumes of PBS/BSA to remove all weakly bound, trapped or otherwise unspecifically retained cells, and finally removal of the Mini MACS column from the magnetic field, allowed Ob7.3(5)+ cells to be eluted. These methods achieved enrichment of chick osteocytes in samples immunomagnetically purified using monoclonal Ob7.3(5) antibody. 

Enriched primary osteoblast cultures were obtained from the Ob7.3(5)- cell preparation by immunomagnetic depletion of fibroblasts (using an anti-fibroblast antibody) to produce an osteoblast population of fibroblast-depleted Ob7.3(5)- cells. Using long bones and calvariae as primary sources therefore allowed Ob7.3(5)- osteoblasts (LOBS and COBS and Ob7.3(5)+ osteocytes (LOCs and COCs) to be separated.

Cell Culture and characterisation 
All bone-derived cells were cultured in Dulbecco’s Modified Eagle Medium minus phenol red (DMEM), 5% heat inactivated chick serum, 2mM L-glutamine; 50μg/ml gentamicin (Invitrogen); 50μg/ml L-ascorbic acid; 5.6mM glucose (Sigma). Samples of each of the Ob7.3(5)+ and Ob7.3(5)- cells had their phenotype confirmed by examination of morphology using scanning electron microscopy, immunocytochemical labelling with the Ob7.3(5) antibody, alkaline phosphatase activity and in vitro mineralization. For immunocytochemistry, cells seeded onto glass cover slips were incubated with 0.25% BSA in HBSS for 5 min to block non-specific binding, incubated for 30 min at room temperature with Ob7.3(5) diluted 1:5 with BSA/HBSS, washed and fixed in 4% buffered formaldehyde (VWR/Merck) in HBSS for 10min at 4oC. The cells were then washed in 0.25% BSA in HBSS prior to 30 min incubation at room temperature in horse-antimouse biotinylated secondary antibody (Vector Labs Limited, Peterborough, UK) (1:100 in BSA/PBS). After washing, cells were incubated in the dark for 30 minutes at room temperature with streptavidin–coupled CY-3 (Vector, 1:500 in BSA/PBS), washed and mounted in DAKO fluorescent mounting medium (DAKO Corporation, Carpinteria, CA, USA). Nuclear counterstaining was achieved using DAPI. Control samples were treated similarly, but were incubated in the absence of either primary or secondary antibody. 

Alkaline phosphatase activity was assessed using the Naphthol AS-BI and Fast blue BB method  HYPERLINK \l "_ENREF_57" \o "Bancroft, 1990 #124"  ADDIN EN.CITE <EndNote><Cite><Author>Bancroft</Author><Year>1990</Year><RecNum>124</RecNum><DisplayText><style face="superscript">57</style></DisplayText><record><rec-number>124</rec-number><foreign-keys><key app="EN" db-id="rr5frxzpn505fge92atxdzpo5xvatdeeew99" timestamp="1481884586">124</key></foreign-keys><ref-type name="Book">6</ref-type><contributors><authors><author>Bancroft, D. J.</author><author>Stevens, A.</author></authors></contributors><titles><title>Theory and practice of histological techniques</title></titles><number>3</number><edition>3rd</edition><dates><year>1990</year></dates><publisher>Churchill Livingstone</publisher><urls><related-urls><url>http://dx.doi.org/10.1002/path.1711640316</url></related-urls></urls></record></Cite></EndNote>57 and was followed by counterstaining with Meyer’s haemalum (VWR/ Merck). Mineralization potential was assessed with and without the addition of 50μg/ml L-ascorbic acid and 10mM β-glycerophosphate (Sigma). These samples were reacted for alkaline phosphatase, counterstained with von Kossa and Safranin O (VWR/Merck) and visualised using an Olympus BH-2 microscope.

Co-culture and assessment of proliferation
Proliferation was assessed in both monoculture and in co-cultures with cells seeded at a density of 20,000 total cells/well, in 24-well plates (Nalge Nunc International). Preliminary experiments established an optimum osteocyte:osteoblast ratio of 4:1 and that primary osteoblasts should be allowed to adhere prior to the addition of osteocytes in co-culture, prior to being allowed to settle overnight. After overnight serum depletion to synchronise proliferative activity, cultures were pulsed with methyl L[5-3H]-thymidine (1μCi/ml/well, Amersham International, UK) and incubated for 18 hours. Rates of DNA synthesis were assessed by measuring [5-3H]-thymidine incorporation as previously described. ADDIN EN.CITE ,  Briefly, cells were washed three times with ice-cold PBS-, detached from the substrate with 0.25% trypsin (Sigma) and 100μl of carrier DNA solution (1μg of salmon sperm DNA; Sigma/ 1μl PBS) and 1ml 10% TCA added. The samples were vortexed, incubated for 16h at 4oC and the TCA-insoluble fraction recovered by three sequential 1500g centrifugations at 4oC, for 30min and washed with ice-cold 5% TCA. The resultant pellet was dried with ice-cold 90% ethanol and dissolved in a 20% formic acid (VWR/Merck) 80% ACSII scintillant mixture (Amersham, Buckinghamshire, UK). Radioactive disintegrations/minute were counted using a 1214 Rackbeta liquid scintillation counter (LKB Wallac, London, UK.). In experiments examining the effects of gap junction blockade, cells were incubated in medium containing 20μM 18β-glycyrrhetinic acid (Sigma). HYPERLINK \l "_ENREF_60" \o "Goldberg, 1996 #22"  ADDIN EN.CITE <EndNote><Cite><Author>Goldberg</Author><Year>1996</Year><RecNum>22</RecNum><DisplayText><style face="superscript">60</style></DisplayText><record><rec-number>22</rec-number><foreign-keys><key app="EN" db-id="rr5frxzpn505fge92atxdzpo5xvatdeeew99" timestamp="1434014585">22</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Goldberg, G. S.</author><author>Moreno, A. P.</author><author>Bechberger, J. F.</author><author>Hearn, S. S.</author><author>Shivers, R. R.</author><author>MacPhee, D. J.</author><author>Zhang, Y. C.</author><author>Naus, C. C.</author></authors></contributors><auth-address>Department of Anatomy, University of Western Ontario, London, Canada.</auth-address><titles><title>Evidence that disruption of connexon particle arrangements in gap junction plaques is associated with inhibition of gap junctional communication by a glycyrrhetinic acid derivative</title><secondary-title>Exp Cell Res</secondary-title></titles><periodical><full-title>Exp Cell Res</full-title></periodical><pages>48-53</pages><volume>222</volume><number>1</number><edition>1996/01/10</edition><keywords><keyword>Animals</keyword><keyword>Carbenoxolone</keyword><keyword>Cell Communication/*drug effects</keyword><keyword>Connexin 43/*analysis/biosynthesis</keyword><keyword>Electric Conductivity</keyword><keyword>Fluorescent Dyes</keyword><keyword>Gap Junctions/chemistry/*drug effects/ultrastructure</keyword><keyword>Glioma</keyword><keyword>Glycyrrhetinic Acid/*analogs &amp; derivatives/pharmacology</keyword><keyword>Isoquinolines</keyword><keyword>Rats</keyword><keyword>Succinates/*pharmacology</keyword><keyword>Tumor Cells, Cultured</keyword></keywords><dates><year>1996</year><pub-dates><date>Jan 10</date></pub-dates></dates><isbn>0014-4827 (Print)&#xD;0014-4827 (Linking)</isbn><accession-num>8549672</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/8549672</url></related-urls></urls><language>eng</language></record></Cite></EndNote>60

Application of mechanical strain 
Mechanical strain was applied to cells seeded onto specially prepared (Nalge Nunc International, Naperville, Illinois, USA) plastic cell culture treated slides (75x25mm), maintained in charcoal dextran (VWR/Merck) stripped medium, and allowed to equilibrate in an humidified atmosphere of 95% air/ 5% CO 2 after being placed in a custom-designed jig which loaded the strips in four point bending. ADDIN EN.CITE ,  Each strip was subjected to 600 cycles of applied load at 1 Hz, with each cycle producing a maximum longitudinal strain on the surface of the strip of 3000με. Control cells, on otherwise unperturbed slides were treated identically but without strain stimulation. Following the period of strain, the slides were returned to plastic dishes, together with their surrounding medium and incubated for a further 18 hours after the addition of 1μCi/ml of [3H]-thymidine (an index of cell proliferation)  ADDIN EN.CITE 62-68 to the medium. 

Statistical analysis






Purified osteocytes retain a morphologically characteristic phenotype in vitro 
Using scanning electron microscopy, we found that Ob7.3(5)+ cells from both calvarial and tibiotarsal bones were generally smaller, exhibited a lower cytoplasmic area, had a distinct stellate appearance and contained many more long slender processes radiating from a central cell body (Figure 2A and B).  Furthermore, efficiency of purification and phenotypic stability were first confirmed by comparing Ob7.3(5) monoclonal antibody immunolabelling, which demonstrated negligible immunocytochemical labelling of isolated primary osteoblasts (Figure 2C) and, in contrast, unambiguous positive expression of the Ob7.3(5)-directed epitope in osteocytes (Figure 2D and Table 1). This confirms the persistence of the osteocyte phenotype in Ob7.3(5)+ cells  in vitro.

Another characteristic of resident osteocytes is their post-mitotic phenotype. In order to verify this post-mitotic behaviour of immunomagnetically purified Ob7.3(5)+ cells we compared their proliferation rates to Ob7.3(5)- primary osteoblasts by measuring [3H]-thymidine incorporation. We found that Ob7.3(5)+ purified from both calvariae or tibiotarsi showed negligible proliferation compared with Ob7.3(5)- cells, and that the latter showed similar rates of proliferation irrespective of whether they were sourced from tibiotarsi or calvariae (Figure 2E). Further distinction between Ob7.3(5)+ osteocytes and osteoblastic cells was confirmed by higher alkaline phosphatase activity and mineralisation potential in Ob7.3(5)- cells and by a complete lack of such activities in Ob7.3(5)+ cells (Table 1). Henceforth, Ob7.3(5)+ osteocytes derived from calvarial or tibiotarsal long bones will be referred to as COC and LOC, respectively and osteoblast-like cells as COB (calvarial) and LOB (long bone).

Co-culture with long bone purified osteocytes stimulates primary osteoblast proliferation
It is broadly held that osteocytes act as mediators of the changes in (re)modelling induced by load-induced strain or fluid flow in vivo. ADDIN EN.CITE , ,  Evidence for osteoblast regulation by purified osteocytes was therefore sought and we found that co-culture of LOC with homogenic LOB significantly enhanced proliferation to levels greater than the expected sum attributable to osteoblasts and osteocytes cultured independently (LOB=20,909;  LOC=394; LOB+LOC=29,863 dpm; p=<0.05; Figure 2F). In contrast, homogenic calvarial co-cultures (COB+COC) did not show similar enhancement in proliferation (Figure 2F). 

To address whether this osteocyte-induced promotion of primary osteoblast proliferation is selective to purified osteocytes from long bones or an inherent characteristic of long bone osteoblasts, proliferation rates were also assessed in heterogenic co-culture (LOB+COC; COB+LOC). This showed that co-culture of COB with LOC showed significantly higher 3H-thymidine incorporation levels than the sum of independent cultures (COB=17,741; LOC=554; COB+LOC=22,065; p<0.04; Figure 3). Such co-culture-related enhancement was not evident, however, when LOB were cultured with heterogenic COC (LOB=19,073; COC=109; LOB+COC=21,719; p=0.1; Figure 3), suggesting a selective influence of LOC on primary osteoblast proliferation. Together, these data indicate that osteocytes purified from long bones, but not those from calvariae, stimulate the basal proliferation of primary osteoblasts derived from either bone source.

Mechanical strain uses gap junctions to reverse proliferative influence of purified osteocytes on primary osteoblasts, but osteocyte-related osteoblast proliferation is gap junction-independent





Monoculture systems are used most commonly to examine the mechanisms involved in bone cell biology. However, bone is an organ containing various cell types and attempts to better replicate in vivo relationships have recently been shown to be pertinent  HYPERLINK \l "_ENREF_69" \o "Vazquez, 2014 #110"  ADDIN EN.CITE <EndNote><Cite><Author>Vazquez</Author><Year>2014</Year><RecNum>110</RecNum><DisplayText><style face="superscript">69</style></DisplayText><record><rec-number>110</rec-number><foreign-keys><key app="EN" db-id="rr5frxzpn505fge92atxdzpo5xvatdeeew99" timestamp="1473177858">110</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Vazquez, M.</author><author>Evans, B. A.</author><author>Riccardi, D.</author><author>Evans, S. L.</author><author>Ralphs, J. R.</author><author>Dillingham, C. M.</author><author>Mason, D. J.</author></authors></contributors><auth-address>Arthritis Research UK Biomechanics and Bioengineering Centre, School of Biosciences, Cardiff University , Cardiff , UK.&#xD;Institute of Molecular and Experimental Medicine, School of Medicine, Cardiff University , Cardiff , UK.&#xD;Division of Pathophysiology and Repair, School of Biosciences, Cardiff University , Cardiff , UK.&#xD;Institute of Mechanical and Manufacturing Engineering, School of Engineering, Cardiff University , Cardiff , UK.&#xD;School of Psychology, Cardiff University , Cardiff , UK.</auth-address><titles><title>A new method to investigate how mechanical loading of osteocytes controls osteoblasts</title><secondary-title>Front Endocrinol (Lausanne)</secondary-title></titles><periodical><full-title>Front Endocrinol (Lausanne)</full-title></periodical><pages>208</pages><volume>5</volume><keywords><keyword>3 dimensional</keyword><keyword>co-culture</keyword><keyword>loading</keyword><keyword>model</keyword><keyword>osteoblast</keyword><keyword>osteocyte</keyword></keywords><dates><year>2014</year></dates><isbn>1664-2392 (Electronic)&#xD;1664-2392 (Linking)</isbn><accession-num>25538684</accession-num><urls><related-urls><url>https://www.ncbi.nlm.nih.gov/pubmed/25538684</url></related-urls></urls><custom2>PMC4260042</custom2></record></Cite></EndNote>69. Osteocytes are considered as the mechanosensors of bone.  ADDIN EN.CITE 1-14 It is frequently asserted that they act to influence osteoblast (and osteoclast) behaviour to control remodelling activity in order to ensure mechanical competence, but evidence for this contention is sparse and unequivocal proof is lacking. A recent study performed in chick and mouse calvarial parietal bone shows through FRAP analysis, the existence of cell to cell communication via gap junctions in the 3D morphology of the osteocyte network  ADDIN EN.CITE 70.  Our use of primary osteoblast:osteocyte co-cultures, however, reveals additional relationships that would otherwise not be apparent in monoculture. 

Using co-culture, we sought evidence that purified osteocytes contribute to regulating primary osteoblast behaviour and whether any such contribution was reliant upon functional gap junctions. We found that purified, post-mitotic purified osteocytes were indeed capable of stimulating enhanced rates of proliferation by primary osteoblasts. Our data showed that osteocytes purified from mechanically-responsive long bone, but not those from non-responsive skull bones, exhibit a capacity to promote proliferation of primary osteoblasts. Using a pharmacological blocker (18β-glycyrrhetinic acid) under these basal conditions we also show that this osteocyte-mediated promotion of proliferation of primary osteoblast was not dependent on functional gap junctions.  Further to blocking gap junctions, 18β-glycyrrhetinic acid has been reported to exert additional pharmacological actions including on 11β-hydroxysteroid dehydrogenase-1, pannexin channel activity as well as HMGB1 action and glucocorticoid metabolism  ADDIN EN.CITE 71-74.  This is a limitation of our studies and future examination of gap junction requires a more specific method of blocking these junctions. In marked contrast we found that application of physiological levels of dynamic mechanical strain to co-cultured long bone cells efficiently abrogated proliferation of primary osteoblast, with gap junction blockade indicating that strain-related transfer of an inhibitory stimulus between purified osteocytes and primary osteoblasts involves functional communicating gap junctions.

The Ob7.3(5) antibody, which was used herein to isolate osteocytes, has been shown to be specific for the PHEX (phosphate-regulating gene with homology to endopeptidases on the X chromosome) protein that is abundant in osteocytes. HYPERLINK \l "_ENREF_52" \o "Westbroek, 2002 #25"  ADDIN EN.CITE <EndNote><Cite><Author>Westbroek</Author><Year>2002</Year><RecNum>25</RecNum><DisplayText><style face="superscript">52</style></DisplayText><record><rec-number>25</rec-number><foreign-keys><key app="EN" db-id="rr5frxzpn505fge92atxdzpo5xvatdeeew99" timestamp="1434014586">25</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Westbroek, Irene</author><author>De Rooij, Karien E.</author><author>Nijweide, Peter J.</author></authors></contributors><titles><title>Osteocyte-Specific Monoclonal Antibody MAb OB7.3 Is Directed Against Phex Protein</title><secondary-title>Journal of Bone and Mineral Research</secondary-title></titles><periodical><full-title>Journal of Bone and Mineral Research</full-title></periodical><pages>845-853</pages><volume>17</volume><number>5</number><keywords><keyword>osteocytes</keyword><keyword>OB7.3</keyword><keyword>Phex</keyword><keyword>suppression subtractive hybridization</keyword></keywords><dates><year>2002</year></dates><publisher>John Wiley and Sons and The American Society for Bone and Mineral Research (ASBMR)</publisher><isbn>1523-4681</isbn><urls><related-urls><url>http://dx.doi.org/10.1359/jbmr.2002.17.5.845</url></related-urls></urls></record></Cite></EndNote>52 We find that cells isolated from chick bone (tibiotarsal or calvarial) using this antibody exhibit low, non-significant incorporation of [3H]-thymidine when maintained in monoculture. This demonstrates their post-mitotic characteristics and further supports the osteocyte specificity of the antibody and the purity of the resident cells isolated and used herein. Previous studies established and fully optimised this osteocyte immunomagnetic purification and we, and others, have previously employed these purified cells extensively to describe osteocyte in vitro behaviours , .  Future characterisation using other markers including Sclerostin and Keratocan would provide additional evidence authenticating this cell population, but the phenotypic features and in vitro behaviour consistent with terminally differentiated osteocytes.  Use of MLO-Y4 osteocyte-like cell lines in our studies would have made it unfeasible to conduct our simple co-culture studies as they, like primary osteoblasts, display avid proliferation in monoculture. Use of such a cell line, which was derived from one functional skeletal source (limb bone) would also make comparison between osteocytes derived from functionally-distinct calvarial bones impossible and may have obscured the specific influence which long bone-derived osteocytes exert on osteoblast behaviour. Indeed, the specificity of this influence is emphasised by the fact that osteocyte-induced osteoblast proliferation is achieved in co-culture only by osteocytes extracted from tibiotarsi and not by those extracted from calvariae, and that osteoblasts derived from either source appear to behave similarly. These data not only rule out the possibility of some non-cell, co-culture effect, but also pinpoint osteocytes derived from load-responsive long bones rather that predominantly protective skull bones as distinct in their pro-proliferative osteoblast influence. They also suggest that the proliferative response to co-culture with long bone derived osteocytes is retained in primary osteoblasts derived from either bone site.  The use of [3H]-thymidine is widely reported as a method to assess proliferative capacity of bone cells  ADDIN EN.CITE , , however, it is possible that cell survival is also affected.  Although no evidence of an increased rate of cell death was observed in our experimental protocols, further studies to assess apoptosis directly would determine whether lack of proliferation might be associated with increased cell death.

The pro-proliferative influence of post-mitotic osteocytes on co-cultured osteoblasts is perhaps most readily interpreted, due to the lack of apparent gap junction involvement, to suggest the involvement of an osteocyte-derived soluble mediator. There are many candidate soluble mediators that are produced by osteocytes which may account for this osteoblast stimulation. These include secretory phospholipase A2 which evoke increased PGE2 and PGI2 release from osteoblasts in non-loaded long bone organ explant cultures ADDIN EN.CITE 5 and factors such as transforming growth factor-β and nitric oxide which are produced by osteocytes. ADDIN EN.CITE 76-78 It is pertinent to emphasise that these pro-proliferative effects were limited to osteocytes derived from long bones, but that those derived from calvariae, with distinct origins and protective rather than load-bearing functions had no effect on osteoblasts derived from either source. This is a fascinating and informative finding, suggesting differing physiological characteristics for osteocytes in bones with (parietal) and without (tibiotarsus) a cranial neural crest component. Data indicating that bone from these two distinct functional/embryological sites has distinct transcriptomes support this speculative conclusion. ADDIN EN.CITE 79 
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If our findings were to be directly extrapolated to the in vivo scenario, they would imply that, at rest, osteocytes act via trans-cellular signalling to maintain an active osteoblast population on the bone surface. Unlike the situation in culture, even at rest, osteocytes are constantly subjected to mechanical inputs, amongst which the most continuous is fluid shear strain stimuli driven by the circulatory system. In stark contrast, however, these proliferative signalling molecules emanating from osteocytes must rather be completely ‘overruled’ in response to mechanical loading of bones, by information transferred to osteoblasts via gap junctions in order to promote an appropriate (re)modelling event. This implies that there is continual osteocyte-derived signalling to cells on the bone surface maintaining the delicate balance of formation and resorption.
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Figure 1. Illustration to display the experimental strategy employed. 
Eighteen-day old Alizarin Red-S and Alcian Blue GX stained chick embryo depicting the harvest sites for both tibiotarsal and calvarial primary osteoblasts and osteocytes. Primary osteoblasts from both tibiotarsal long bone (LOBS) and calvariae (COBS) were either cultured alone or co-cultured with osteocytes. The latter were also derived from both bone sites and were co-cultured in either ‘homotypic’ (LOCS+LOBS or COCS+COBS) or ‘heterotypic’ (LOCS+COBS or COCS+LOBS) conditions.

Figure 2. Calvarial and tibiotarsal osteocytes retain a morphologically characteristic phenotype.
Ob7.3(5)+ LOCS and COCS populations (A and B) show the distinct stellate shape of the osteocytic phenotype.  Immunocytochemical Ob7.3(5) antibody labelling of bone cells was assessed to ascertain population purity, with negative labelling in the fibroblast-depleted Ob7.3(5)- population (C), and positive staining in the Ob7.3(5)+ population (D).  (E) Proliferation potential of Ob7.3(5)+ and fibroblast-depleted Ob7.3(5)- populations was assessed by 18 hour pulse treatment with [3H]-thymidine and incorporation. Both LOCS and COCS were shown to display negligible rates of proliferation. Conversely, LOBS and COBS proliferate avidly; disparity of proliferation allows for the study of osteoblast proliferation in mixed osteocyte:osteoblast cultures. (F) Homotypic cultures of Ob7.3(5)+ and fibroblast-depleted Ob7.3(5)- cells were pulse treated with [3H]-thymidine. The presence of LOCS in the LOB cultures resulted in an increase of proliferation. Conversely, the presence of COCS in COB culture had no effect on COB proliferation rate. Data are presented to show incorporation of 3H-thymidine over an 18hr period and all 6 wells of a 6-well plate were used for each variable culture condition (n=4 experiments in total). * denotes significance vs. osteoblast monocultures (p<0.05). 

Figure 3. Long bone osteocytes enhance calvarial osteoblast proliferation. 
To assess whether COBS are unable to respond to osteocyte-derived proliferative stimuli, COBS were maintained in heterotypic cultures with LOCS. LOCS induced proliferation of COBS, whilst COCS were unable to influence the proliferation of LOBS. This suggests the potential for fundamental differences signalling methods/signals derived from LOCS and COCS. Data are presented to show incorporation of 3H-thymidine over an 18hr period and all 6 wells of a 6-well plate were used for each variable culture condition (n=3 experiments in total). * denotes significance vs. osteoblast monocultures (p<0.05). 

Figure 4. Proliferation in mechanically strain, not static, cultures is regulated by gap junctions. 
A: Mechanical strain increased LOBS proliferation in the absence of gap junction blocker. Somewhat surprisingly, the addition of LOCS in homotypic cultures resulted in a reduction in the proliferation rate following a period of mechanical straining. This effect was dependant on functional gap junctions as this was inhibited by the presence of the gap junction blocker, β-glycerrhetinic acid. B: Histogram showing the difference in osteocyte-derived [3H]-thymidine incorporation in data presented in A. These experiments identify differential methods of communication between osteocytes and osteoblasts in strained and non-strained conditions. Data are presented to show incorporation of 3H-thymidine over an 18hr period and 3 cell straining strips were used for each variable culture condition (n=3 experiments in total; * denotes significance).

Figure 5. Schema depicting osteocyte-derived signalling on osteoblasts. 
The results suggest that the pro-proliferative influence of osteocytes upon osteoblasts is reversed by the application of strain, and that only this reversal is gap junction-mediated.

Table 1. Phenotype of Ob7.3(5)+ and fibroblast-depleted Ob7.3(5)- cell populations. 
The fibroblast-depleted Ob7.3(5)- population displayed positive response for proliferation, alkaline phosphatase activity and mineralization reflecting an osteoblast phenotype. Ob7.3(5)+ cells were negative for these parameters.
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